When the eyes move, the images of stationary objects sweep across the retina. Despite this motion of the retinal image and the substantial integration of visual signals across time, physically stationary objects typically do not appear to be smeared during eye movements. Previous studies indicated that the extent of perceived motion smear is smaller when a stationary target is presented during pursuit or saccadic eye movements than when comparable motion of the retinal image occurs during steady fixation. In this study, we compared the extent of perceived motion smear for a stationary target during smooth pursuit and vergence eye movements with that for a physically moving target during fixation. For a target duration of 100 ms or longer, perceived motion smear is substantially less when the motion of the retinal image results from vergence or pursuit eye movements than when it results from the motion of a target during fixation. The reduced extent of perceived motion smear during eye movements compared to fixation cannot be accounted for by different spatio-temporal interactions between visual targets or by unequal attention to the moving test spot under these two types of conditions. We attribute the highly similar attenuation of perceived smear during vergence and pursuit to a comparable action of the extra-retinal signals for disjunctive and conjugate eye movements.
Introduction
We constantly move our eyes in order to redirect our gaze and follow objects of interest in the visual environment. However, when the eyes move, images of stationary objects sweep across the retina in the direction opposite the eye movement. In spite of this retinal image motion, physically stationary objects are typically perceived to remain stationary and relatively clear during eye movements. Accurate localization of objects and perceptual clarity are advantageous, especially during smooth tracking eye movements that can last for many hundreds of ms, so that observers can readily identify relevant stationary stimuli and, when warranted, disengage from the ongoing tracking movement to initiate new, appropriate oculomotor responses.
Evidence suggests that the perceived stability of objects can be attributed in part to relative motion and/or position information within the retinal image (Bridgeman & Graziano, 1989; Honda, 1999; Matin et al., 1982; Murakami & Cavanagh, 1998) , and in part to ''cancellation'' of the retinal image motion by extraretinal eye-movement signals (Bridgeman & Stark, 1991; Gauthier, Nommay, & Vercher, 1990; Gr€ usser, 1986; von Holst & Mittelst€ adt, 1950 /1971 . Motion smear would be expected to degrade the perceived clarity of stationary objects during eye movements, because of the substantial period of temporal integration that occurs for visual signals (Barlow, 1958; Graham & Margaria, 1935) . However, the presence of nearby targets in the retinal image has been shown to reduce the perception of motion smear (Castet, Lorenceau, & Bonnet, 1993; Chen, Bedell, & € Ogmen, 1995; Hogben & Di Lollo, 1985) , which would be expected to improve the perceived clarity of stationary objects during eye movements, at least when viewing a stationary, structured visual environment. Extra-retinal signals are implicated also in maintaining the perceived clarity of stationary objects during eye movements, as the extent of perceived motion smear is less when a stationary target is presented during smooth pursuit (Bedell & Lott, 1996) or saccadic eye movements (Bedell & Yang, 2001 ) than when comparable motion of the retinal image occurs during steady fixation.
Because smooth pursuit and saccades are conjugate eye movements that change the direction of gaze, we asked whether this gaze change is necessary for the attenuation of perceived motion smear during eye movements. Therefore, in this study we investigated whether a comparable attenuation of perceived motion smear occurs during disjunctive vergence eye movements that do not change the direction of gaze. Psychophysical evidence exists that vergence eye movements, like smooth pursuit and saccades, are accompanied by extra-retinal signals (e.g., Brenner & van Damme, 1998; Mon-Williams & Tresilian, 1999; Swenson, 1932) . However, because vergence eye movements are generated by a different neural sub-system than the ones that produce conjugate smooth pursuit and saccades (Gamlin & Yoon, 2000; Keller, 1991; Mays, 1984) , it is not clear that the extra-retinal signals for conjugate and disjunctive eye movements interact similarly with retinal image information to produce relatively stable and clear visual perception.
The previous studies (Bedell & Lott, 1996; Bedell & Yang, 2001 ) that compared perceived motion smear during eye movements and fixation used an isolated target that was presented against a bright homogeneous background. Because the retinal image of the background moved only during the eye-movement conditions, a possible influence of the remote edges of this background on the extent of perceived smear could not be ruled out completely. In this study, perceived motion smear was compared during eye movements and fixation for targets that were presented in darkness. In addition, because the duration of temporal integration has been suggested to depend on visual attention (Enns, Brehaut, & Shore, 1999; Kirschfeld & Kammer, 1999; Visser & Enns, 2001) , we evaluated the influence of attention on perceived motion smear in conditions without any eye movements.
Methods

Main experiment
Three human observers (two of the authors and one naive) with corrected-to-normal vision were tested in three experimental conditions that produced comparable retinal stimulation. All observers gave written informed consent before the commencement of the study. In the vergence condition, a physically stationary bright spot was presented during smooth tracking of a target that smoothly changed its vergence demand in the convergent or divergent direction at 4°/s (2°/s/eye). In the pursuit condition, a physically stationary bright spot was presented during binocular smooth pursuit of a target that moved left or right at 2°/s. In the fixation condition, a bright spot moved left or right at 2°/s while the observer fixated binocularly on a stationary target. The velocity of the target (in the two tracking conditions) and the bright spot (in the fixation condition) was limited to 2°/s because preliminary trials indicated that the observers were unable to track target velocities faster than 2°/s/eye reliably in the vergence condition.
The visibility of the test spot was determined for two of the observers by finding the combination of neutraldensity filters required to reduce the spot to its detection threshold, when presented at a velocity of 2°/s for a duration of 50 ms. The average visibility of the test spot corresponded to 2.6 and 2.7 log units above the detection threshold for observers SC and HB, respectively. Previously, Bedell and Lott (1996) showed that the difference in visibility for a bright test spot in the pursuit and fixation conditions of their experiment was less than 0.1 log units.
The tracking/fixation target was a bright cross hair (line-thickness ¼ 1.3 0 ) centered within an 11 0 · 11 0 dimmer square, presented on an otherwise dark computer monitor at 2 m. The test spot was produced by an 8.5 0 yellow LED presented to the left eye only. It was 1.1°a bove the tracked or fixated target. The duration of the test spot ranged from 50 to 400 ms, and was varied randomly within each block of 20 trials. Target motion for vergence and pursuit trials was produced by a pair of mirror galvanometers that were incorporated within a haploscope (Fig. 1) . Disconjugate and conjugate constant-velocity motion of the mirrors were used to elicit vergence and pursuit tracking, respectively. Motion of the test spot in the fixation condition was produced by a third mirror-galvanometer, which reflected the LED to a microscope cover slip (which served as a beam-splitter) mounted in front of the observer's left eye.
The observers' task was to accurately track (in the vergence and pursuit conditions) or fixate (in the fixation condition) the cross-hair target and judge the length of perceived motion smear that was produced by the flashed test spot. After each trial, the observer fixated on the stationary cross-hair target and adjusted the length of a thin bright horizontal bar located 1.1°above the fixation stimulus to match the entire horizontal extent of the perceived motion smear.
The horizontal positions of both eyes were measured using a Biometrics infrared limbal eyetracker for each trial in all three types of experimental conditions. Signals of eye position were sampled at 170 Hz and used subsequently to determine the mean retinal image velocity of the left eye during the presentation of the test spot on each trial. Trials were rejected if either of the following occurred: (a) tracking or fixation was inaccurate, as indicated by eye velocities less than 1°/s during vergence or pursuit, or greater than 1°/s during fixation; or (b) a saccade and/or a blink occurred during the presentation of the test spot, or within 50 ms before or after the test spot. Averaged across the three observers, approximately 32% of trials were rejected for the vergence conditions, 37% for the pursuit conditions, and 12% for the fixation conditions. Because the retinal image velocity of the test spot varied from trial to trial, the extent of perceived smear was converted from units of visual angle to a duration in s (Bedell & Lott, 1996; Chen et al., 1995; Hogben & Di Lollo, 1985) : Following this conversion, each observer's data from acceptable trials were averaged for each target duration and experimental condition. The extent of perceived smear was compared across conditions (three types of eye-movement conditions by two directions of motion, and four target durations) using a repeated measures ANOVA, performed with SuperANOVA software (Abacus). All F ratios were calculated using observer interactions as the error terms.
Control experiment
Accurate vergence and pursuit eye movements to a moving target may require more careful attention than fixation on a stationary target. If so, then observers may have allocated less attention to the test spot during the vergence and pursuit conditions than during the fixation condition. If the duration of temporal integration or visual persistence is prolonged by an increase in attention (Enns et al., 1999; Kirschfeld & Kammer, 1999; Visser & Enns, 2001) , then a greater extent of perceived smear would be predicted for the test spot during fixation than during pursuit or vergence eye movements.
To evaluate whether the extent of perceived smear varies with attention, observers HB and SC were required to detect a brief blink of the fixation cross hair during fixation trials and to concurrently judge the extent of perceived smear for the moving test spot. The blink of the fixation cross hair lasted for two video frames (30 ms) and occurred randomly on half of the trials. By asking the observer to detect this brief blink in the fixation cross, we sought to make the attentional demand in the fixation condition more comparable to that in the pursuit and vergence conditions. This manipulation is based on a relatively simple concept of The observer binocularly viewed a fixation cross hair on the computer monitor (CM) after reflection from fixed mirrors, M1 and M2, and galvanometer-mounted mirrors, G1 and G2. Disconjugate motion of mirrors G1 and G2 elicited convergence or divergence, whereas conjugate motion of these mirrors elicited rightward or leftward smooth pursuit. The test spot was presented to the left eye after reflection from galvanometer-mounted mirror G3 and fixed cover slip, CS. Mirror G3 remained stationary on eyemovement trials, to present a physically stationary test spot to the left eye. Mirror G3 rotated right or left on fixation trials, to present a physically moving test spot to the left eye. After each trial, the observer fixated on the stationary cross hair and adjusted the length of a solid bright line (indicated by the dotted line above the fixation target on the computer monitor) to match the extent of the perceived motion smear. attention, in which the observer's limited attentional resources are split between viewing the fixation/tracking target and the test spot. The extent of the perceived motion smear during the blink detection task was compared to the results obtained in the fixation condition of the main experiment. To evaluate the effect of the detection task on attention during the control experiment, we also examined the accuracy of blink detection.
Results
Main experiment
Across observers, mean tracking gains ranged from 0.77 to 1.18 on acceptable vergence and pursuit trials (Table 1) . Fig. 2 presents the extent of perceived motion smear during fixation, vergence, and pursuit tracking, as a function of the test spot duration. The data that are shown are average values across the three observers and the error bars represent the variability among the observers. Although ANOVA did not show a significant effect of the eye-movement condition on perceived smear (F ½2; 4 ¼ 13:82, p ¼ 0:065; this and all subsequently reported probabilities are Huynh-Feldt corrected p values), the interaction between eye-movement condition and target duration was significant (F ½6; 12 ¼ 7:86, p < 0:01). The extent of perceived motion smear did not differ for rightward vs. leftward target motion during vergence, pursuit, or fixation, as indicated by non-significant F values for the direction of target motion (F ½1; 2 ¼ 0:99, p ¼ 0:42) and for the direction-byeye-movement-condition interaction (F ½2; 4 ¼ 1:90, p ¼ 0:30). We therefore combined the data across the two directions of motion before comparing the extent of perceived smear for each target duration in the three eye-movement conditions. These comparisons indicated that, for target durations of 100 ms or longer, the observers reported a significantly shorter extent of perceived smear during vergence (for 50 ms, F ½1; 12 ¼ 0:02, Velocity of the tracking target during vergence and pursuit was 2°/s/eye. Direction specifies the direction of spot motion with respect to the left eye. Fig. 2 . The extent of perceived smear, averaged across the three observers, is plotted as a function of the test spot duration in the vergence, pursuit, and fixation conditions. The left and right panels show the extent of perceived smear for leftward and rightward motion of the test spot, respectively, with respect to the left eye. The dashed line in each panel indicates the expectation if the extent of perceived smear were equal to the entire duration of the spot presentation. In order to represent the differences in each condition among the observers, the error bars represent ±1 SEM across observers. 
Control experiment
Despite a presumed increase in the proportion of attention allocated to the fixation target during the blink-detection task, observer HB reported more perceived smear for the moving test spot than in the fixation condition of the main experiment, contrary to the prediction made above (Fig. 3) . For observer SC, the extent of perceived smear during fixation was very similar at each stimulus duration with and without the added blink-detection task. To ensure that the observers allocated their attention to the fixation target during the detection task, we compared HB's and SC's ability to detect a blink of the cross hair on trials with and without a moving test spot. Performance on the blink-detection task was virtually the same with and without the moving test spot, suggesting that the two observers devoted comparable levels of attention to the fixation target on both types of trials ( Table 2 ). The results of this control experiment indicate that a reduction of attention to the test spot (by requiring an increase of attention to the tracking/fixation target) is unlikely to decrease the extent of perceived smear.
Discussion
For target durations of 100 ms and longer, observers in this study reported a smaller extent of perceived motion smear during smooth pursuit and vergence eye movements than when comparable motion of the retinal image was produced during fixation. This result indicates that a change in the direction of gaze is not necessary to attenuate the perception of motion smear during eye movements, and suggests that perceived motion smear is reduced by the extra-retinal signals for vergence as well as for conjugate eye movements. We will discuss the possible sources of these extra-retinal signals after first comparing our data to the results of previous studies, and after considering other factors that could play a role in improving the clarity of moving objects.
For targets of long duration, the asymptotic extent of perceived motion smear provides an estimate of the duration of visual persistence.
2 Based on the average data shown in Fig. 2 , these estimates of persistence reach Fig. 3 . The extent of perceived smear vs. spot duration during fixation, with (N) or without ( ) a concurrent blink-detection task that was intended to increase attention on the stationary fixation target. Averaged data for leftward and rightward spot motion are presented for observers HB (left) and SC (right). Error bars are ±1 SEM for each observer. 
The numbers in parenthesis denote the number of blocks of 20 trials for each condition.
approximately 100 ms in the smooth pursuit and vergence conditions and 200-300 ms during the fixation condition. In previous studies, the duration of visual persistence was shown to depend on stimulus parameters such as luminance or contrast (Bowen, Pola, & Matin, 1974; Bowling, Lovegrove, & Mapperson, 1979; Di Lollo & Bishoff, 1995) , spatial frequency (Bowling et al., 1979; Meyer & Maguire, 1977) , the distance between adjacent targets (Di Lollo & Hogben, 1987; Hogben & Di Lollo, 1985) , and duration (Efron, 1970; Haber & Standing, 1970; Long & McCarthy, 1982) . Measured values of visual persistence depend also on the state of adaptation of the observer (Di Lollo & Bishoff, 1995; Haber & Standing, 1970) and on the observer's task and criterion (Di Lollo & Bishoff, 1995; Long, 1980) . Consequently, the range of reported estimates for the duration of visual persistence vary widely, from approximately 50 ms (e.g., Allport, 1970; Castet et al., 1993) to 300 ms or longer (e.g., Bowen et al., 1974; Haber & Standing, 1970) . Clearly, the asymptotic extent of perceived motion smear that our observers reported during vergence, smooth pursuit, and fixation fall within this broad range. Returning to our results, it is noteworthy that the data for the pursuit condition in Fig. 2 are very similar to those reported previously by Bedell and Lott (1996) , despite two important differences in the experimental conditions. First, the pursuit target in the present experiment moved at 2°/s, compared to velocities between 4 and 12°/s in the earlier study by Bedell and Lott (1996) . The similar results that were obtained in these two experiments suggest that the attenuation of perceived motion smear during pursuit is approximately independent of the eye velocity, at least for velocities of the pursuit target between 2 and 12°/s. Second, the test spot in the present study was presented in darkness, rather than against a bright background field, as in the experiment reported by Bedell and Lott (1996) . In this earlier experiment, the edges of the background field remained stationary on the retina during fixation and moved across the retina in the direction opposite the eye movement during pursuit. Conceivably, retinal image motion of the background field could have contributed to the attenuation of perceived motion smear in the pursuit condition, as the extent of perceived motion smear has been shown to be reduced in the presence of other moving targets (Chen et al., 1995) .
3 Because the test spot in the present study was presented in darkness, the reduction of perceived motion smear during pursuit (and during vergence) eye movements cannot be attributed to an interaction between retinal stimuli. Another possible explanation for the reduced extent of perceived motion smear during eye movements is a decrease in attention to the physically stationary target spot during tracking, compared to the attention allotted to a physically moving spot during fixation. Previous results indicate clearly that any difference in attention during pursuit and fixation has no influence on the visibility of the physically stationary vs. moving test spot (Bedell & Lott, 1996; Starr, Angel, & Yeates, 1969) . Further, two of the observers in the current study were required to increase their attention to the fixation target in order to perform a blink-detection task, and demonstrated no concomitant reduction in the extent of perceived motion smear. This outcome suggests that any difference in attention allotted to the test spot in the eyemovement and fixation conditions of our experiment cannot account for the systematic difference between these two types of conditions in the extent of perceived motion smear.
If the reduced perception of motion smear during pursuit and vergence cannot be attributed to differences in the retinal stimulation or attention, the most likely explanation is that extra-retinal signals for these eye movements are responsible (Bedell & Lott, 1996; Bedell & Yang, 2001) . One way that extra-retinal signals might reduce the extent of perceived motion smear is to speed up the processing of visual information during eye movements. Consistent with this interpretation, Burr and Morrone (1996) reported a quickening of the estimated temporal impulse response during saccades. Additional mechanisms are also possible, but remain purely speculative at this time.
Previous studies identified two components in the extra-retinal signals that contribute to the perceived stability of the visual environment during eye movements. One component is a neural facsimile of the efferent motor command that produces the movement of the eyes and the other is proprioceptive input from the extra-ocular muscles during eye motion (Bridgeman & Stark, 1991; Gauthier et al., 1990) . Our experiments were not designed to distinguish between the contributions of these two components in the reduction of perceived motion smear. Neither were our experiments designed to determine whether the same extra-retinal signals that promote perceptual stability contribute also to the reduced extent of perceived motion smear during eye movements. Here, we will assume provisionally that the same efferent and afferent components of extra-retinal signals that help to maintain perceptual stability during eye movements contribute also to the reduction of perceived motion smear. On the basis of this assumption, we will consider some possible interpretations of our results.
Conjugate pursuit and disjunctive vergence eye movements require different combinations of oculomotor signals to drive the extra-ocular muscles of the two eyes. Nevertheless, Hering (1868 Hering ( /1977 postulated that any binocular eye movement reflects a combination of conjugate and disjunctive eye-movement command signals, which are common for the two eyes. Consequently, the efferent component of extra-retinal eye movement signals could reflect either the low-level signals that drive the individual muscles of each eye, or the higher-level sub-cortical or even cortical command signals that are common to both eyes. 4 Similarly, the afferent component of extra-retinal signals could reflect the specific muscle changes that occur in each eye, or a combination of the proprioceptive information from both eyes. Evidence about the action of extra-retinal eye-movement signals to maintain perceived stability is consistent with the use of a common, binocular signal, in agreement with the conceptual framework that was proposed by Hering. Specifically, the extra-retinal signals that contribute to perceptual stability represent a combination of efferent and proprioceptive information about the positions of both eyes, which is compared to a combination of the retinal information available from both eyes (e.g., Bridgeman, 1995; Bridgeman & Stark, 1991; Gauthier et al., 1990) . If this processing framework applies also to the perception of motion smear, then the results of our study imply that the extra-retinal signals for both versional and vergence eye movements exert highly similar effects on the extent of perceived motion smear.
On the other hand, Hering's law has been challenged (Enright, 1998; Zhou & King, 1998) and it is possible that the attenuation of perceived motion smear reflects the interaction of eye-specific extra-retinal signals with the retinal image motion that occurs in each eye. If so, then similar extra-retinal signals should accompany our observers' comparable unilateral eye motion (approximately 2°/s/eye) in the pursuit and vergence conditions, which would then account for the similar reduction of perceived motion smear in these two eye movement conditions. However, this similarity between the extent of perceived motion smear in the pursuit and vergence conditions does not provide compelling evidence for an eye-specific, rather than a common, binocular extraretinal signal. As noted above, a very similar reduction of perceived motion smear occurs for a range of pursuit eye movement velocities, in response to target velocities between at least 2 and 12°/s. Consequently, if common, binocular extra-retinal signals for pursuit and vergence were to exert similar effects on the extent of perceived motion smear, then similar amounts of attenuation would be expected during conjugate pursuit at 2°/s and during vergence tracking at 4°/s (2°/s/eye).
Distinguishing between a common binocular vs. two eye-specific extra-retinal signals clearly requires additional experiments. One way to address this issue is to assess perceived smear for a physically moving target, presented to an essentially stationary eye during asymmetric smooth vergence tracking. During asymmetric vergence, the stationary eye would be expected to have little or no eye-specific extra-retinal signal, whereas a common extra-retinal signal should exist for both eyes, based on the simultaneously opposing commands for version and vergence. Consequently, a reduction in the extent of perceived motion smear would be predicted only on the basis of a common, binocular extra-retinal signal. Regardless of whether the extra-retinal signal that results in a reduction of perceived motion smear is common to both eyes or is eye-specific, the results of our study indicate that this signal is effective even in the absence of a change in direction of conjugate gaze.
